The implementation of maximally restrictive texture zeros in the leptonic sector is investigated in the context of two-Higgs-doublet models with Majorana neutrinos. After analyzing all maximally restrictive pairs of leptonic mass matrices with zero entries, we conclude that there are only four texture combinations that are compatible with observations at 3σ confidence level and can be implemented through Abelian symmetries in a two-Higgs-doublet model. The compatibility of these textures with current constraints on lepton-flavor-violating processes is also studied. The ultraviolet completion of these models is discussed in the framework of the seesaw mechanism for neutrino masses.
I. INTRODUCTION
The existence of neutrino masses and leptonic mixing has been firmly established by neutrino oscillation experiments [1] [2] [3] . However there is no convincing theory to explain their origin and several questions remain to be answered [4] [5] [6] . In particular, neutrinos can be Dirac or Majorana particles, and the CP symmetry can be violated in the lepton sector. Furthermore, the absolute neutrino mass scale and type of mass spectrum (normal or inverted hierarchy) are still unknown.
A common approach towards the solution of the flavor puzzle consists on requiring some of the elements in the leptonic mass matrices to vanish, leading to the so-called texture zeros. It is well known that such zeros can be enforced in arbitrary entries of the fermion mass matrices by means of Abelian symmetries [7] . Moreover, combining the canonical and Smith normal form methods [8] [9] [10] , it is possible to construct viable patterns in a minimal framework, i.e. with the smallest discrete Abelian group and a minimal number of Higgs scalars. For instance, these two methods have been successfully employed to construct the minimal Abelian symmetry realizations of the well-known Frampton-Glashow-Marfatia two-zero neutrino textures [11] and to study their implementation in extensions of the standard model (SM) based on the seesaw mechanism for the neutrino masses [12] .
Recently, a complete survey of texture zeros in the lepton mass matrices has been performed [13] . Admitting all possible combinations of patterns with zeros, the authors of Ref. [13] concluded that several classes of texture zeros in the charged-lepton and neutrino mass matrices are compatible with current neutrino oscillation data at 5σ confidence level (CL). In this paper, we reconsider this problem with the aim of identifying the maximally * ricardo.felipe@tecnico.ulisboa.pt † hugo.serodio@thep.lu.se restrictive pairs of leptonic mass matrices with zero entries that are not only compatible with observations but also realizable in terms of Abelian symmetries. In this context, by maximally restrictive we mean that no additional zero can be placed into one of the two lepton mass matrices while keeping compatibility with the observed lepton masses and mixing data. Since none of the textures can be implemented through such symmetries in the SM, we shall consider one of its simplest extensions, namely the two-Higgs-doublet model (2HDM) [14] . We also assume that neutrinos are Majorana particles. The ultraviolet (UV) completion of these models is then implemented in the framework of the seesaw mechanism for neutrino masses.
II. CONFRONTING TEXTURE ZEROS WITH NEUTRINO DATA
A detailed analysis of texture zeros in the chargedlepton mass matrix m and the effective Majorana neutrino mass matrix m ν has been carried out in Ref. [13] . In particular, it has been shown that, without imposing any correlation among the mass matrix elements, at least eight physical parameters 1 are required to explain the eight experimentally known observables (three chargedlepton masses, two neutrino mass-squared differences and three mixing angles). Moreover, several combinations of texture zeros in the pairs of mass matrices (m , m ν ) were found viable at 5σ CL (see [13] for further details).
In this section, we shall look for (m , m ν ) pairs that contain maximally restrictive texture zeros and, simultaneously, are compatible with observations at 3σ CL. We shall perform a χ 2 -analysis using the standard function
where x denotes the physical input parameters (i.e. the matrix elements of m and m ν ), P i (x) are the predictions of the model for the observables O i , O i are the best-fit values of O i , and σ i their corresponding 1σ errors. We use the current global fit of neutrino oscillation data at 3σ [3] . We also impose the recent cosmological constraint on the sum of the neutrino masses, namely i m i < 0.12 eV (i = 1, 2, 3) at 95% CL [15] (see also Ref. [16, 17] ).
In our search for a viable charged-lepton mass matrix m , we require that the eigenvalues of the input matrix correctly reproduce the central values of the chargedlepton masses [18] . The χ 2 -function is then minimized with respect to the five neutrino observables (two neutrino mass-squared differences and three mixing angles) using MINUIT [19] and the numerical strategy presented in Ref. [20] . Since current neutrino data does not constrain the Dirac CP-violating phase δ at 3σ (i.e. δ is allowed to vary between 0 and 2π), we do not fit it in our analysis. If the deviation of each neutrino observable from its experimental value is at most 3σ at the minimum of χ 2 for a given (m , m ν )-pair, the corresponding leptonic textures are said to be compatible with data. Majorana neutrino masses can be explained through the introduction of the unique dimension-five Weinberg operator compatible with the SM gauge group. Assuming two Higgs-doublet fields, the leptonic interaction La-grangian can be written as
where
Λ is an effective energy scale, 0 L denotes the lefthanded lepton doublet fields and e 0 R are the right-handed charged-lepton singlets; φ i (i = 1, 2) are the Higgs doublets andφ ≡ iσ 2 φ * ; κ ij are the effective Majorana neutrino coupling matrices and Π i are the charged-lepton Yukawa coupling matrices. Note that flavor indexes have been omitted in Eqs. (2) and (3), and a sum over Latin indexes is assumed.
The 3 × 3 complex symmetric matrices κ ij give rise to Majorana neutrino masses once the Higgs fields
acquire vacuum expectation values (vev)
with v i real and positive. Without loss of generality, in what follows we set θ 1 = 0, since only the relative phase θ ≡ θ 2 − θ 1 is observable. We can use a convenient basis in which an orthogonal rotation is performed so that one Higgs doublet combination has the vev v = (v 246 GeV and the other has none. We define
with c β ≡ cos β = v 1 /v, s β ≡ sin β = v 2 /v and
This is known as the Higgs basis. The Yukawa Lagrangian given in Eq. (3) now takes the form
with
The charged-lepton mass matrix m is diagonalized by the bi-unitary transformation U † L m U R = diag (m e , m µ , m τ ), with real and positive charged lepton masses. In this basis, N e = U † L N 0 e U R . Similarly, for Majorana neutrinos, the symmetric mass matrix m ν is diagonalized by the unitary transformation
, with m i real and positive. The leptonic mixing matrix U is then given by U = U † L U νL , which can be parametrized in terms of the three mixing angles, the Dirac phase and the two Majorana phases using the standard form [18] .
B. Abelian symmetry implementation of the textures
In this section, we study whether the maximally restrictive pairs of leptonic textures previously found (cf .  Table III) can accommodate an Abelian symmetry in the context of 2HDM. To achieve our goal we make use of the canonical and Smith normal form methods, following the approach presented in Ref. [12] .
Let us first consider the charged-lepton mass matrix. There are 3 viable textures: 4 1 , 4 3 , and 5 1 . Using the canonical method and looking at all possible texture decompositions, one can show that the matrix 4 1 cannot be obtained with just two Higgs doublets. On the other hand, the matrix 4 3 can be implemented via the chargedlepton Yukawa coupling textures
while two different decompositions can lead to the texture 5 1 , namely
or
Consider now the neutrino sector. We recall that for the Majorana neutrino mass matrix we should keep only those texture decompositions that lead to symmetric matrices. As can be seen in Table II , there are 7 textures with three zeros and 6 textures with four zeros. Working in a framework with two scalar fields, φ 1,2 , we can only form three distinct combinations: φ Following a procedure similar to the case of charged leptons, we arrive at the following matrix decompositions for the three-zero neutrino textures:
Similarly, for the four-zero textures we obtain In the above equations, P ij and P ijk denote the 3×3 permutation matrices, where the indexes indicate the permutation of columns with respect to the diagonal unit ( m , mν ) Higgs combination Symmetry matrix (see e.g. [12] for the explicit form of these matrices). The next step is to study the possibility of realizing the above texture decompositions through Abelian symmetries. This is done more conveniently with the help of the Smith normal form method [12] . Our results are summarized in Table IV , where the realizable mass matrix pairs, and the corresponding Higgs combinations and Abelian symmetry are presented. For each implementation, the coupling of φ * 2 1 , φ * 2 2 and φ * 1 φ * 2 to a given neutrino mass texture is simply denoted as the Higgs combination (1, 1), (2, 2), and (1, 2), respectively. We conclude from the table that only the matrix pairs 4 3 , 4 For completeness, next we present the charges associated to each Abelian symmetry implementation. The two viable models based on the texture 4 3 for the chargedlepton mass matrix share the same left-handed field transformation,
where γ denotes the U (1) global charge. The two possible textures in the neutrino sector are then obtained through the following charge assignments:
When the charged-lepton mass matrix is given by the texture 5 1 , there are two possible realizations through Eqs. (10) and (11), which we shall denote by 5 1a and 5 1b , respectively. Both share the same left-handed field and scalar symmetry transformations. In the case of the matrix pair 5 1 , 3 ν 6 , these transformations are
The right-handed field transformations will then dictate the implementation:
Similarly, for the matrix pair
and
The continuous Abelian symmetry may be discretized by setting γ = 2π/n, with n the order of the discrete Z n group. The discretization can be useful when looking at ultraviolet completions of the effective Weinberg operator, since the additional field content may allow for terms distinguishing continuous and discrete transformations. It is then useful to know what would be the minimal discrete symmetry that implement these textures. If we request that the discrete symmetry allows just these textures and no additional ones, we find that Z 7 is the smallest group in the six cases discussed above.
C. 2HDM: the scalar sector
Although the detailed study of the scalar potential is beyond the scope of this work, a few comments related to this sector are in order. In the models under consideration, the flavor symmetry restricts the scalar potential in such a way that no explicit CP violation is present in the model. There is no spontaneous CP either and the CPeven and CP-odd scalars do not mix. There remains the mixing in the (ρ 1 , ρ 2 ) sector, which can be parametrized through a rotation by a single angle α, relating ρ 1 and ρ 2 to two of the neutral physical Higgs fields,
where h and H are the CP-even light and heavy scalars, respectively. Notice also that the last equality in Eq. (25) allows to relate the neutral physical Higgs fields to the neutral real components H 0 and R defined in the Higgs basis given by Eqs. (5) and (6) .
In the following, we consider the scalar masses independent and we work in the limit of no mixing between R and H 0 , making the identification of H 0 with the Higgs boson discovered by ATLAS and CMS at the LHC [21] 
IV. PHENOMENOLOGICAL CONSTRAINTS
It is well known that Yukawa interactions in 2HDM may induce flavor-changing neutral currents (FCNC) at the tree and loop levels. In this section, we confront the viable maximally restrictive textures of Table IV with current experimental bounds on such processes. In particular, we consider universality in lepton decays mediated by the charged scalar H + at tree level, the leptonflavor-violating decays
δ mediated by the neutral scalars R and I at tree level and α → β γ mediated by neutral and charged Higgs scalars at the one-loop level.
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Before we proceed further, it is worthwhile to comment on the Higgs decays h → α β . Recently, the CMS collaboration, using the data collected in LHC protonproton collisions at √ s = 8 TeV, reported that no evidence has been found for the lepton-flavor violating decays h → eµ and h → eτ [23] . Although an excess in the lepton flavor-violating Higgs decay h → µτ at a 2.4σ level has been reported by CMS [24] , the ATLAS collaboration observes no evidence for this decay mode [25] . Since the decay widths of the above lepton-flavor violating Higgs decays are proportional to the mixing parameter c β−α , they are naturally suppressed in the decoupling (or alignment) limit of the 2HDM. As for the lepton-flavor conserving decay h → τ τ , the signal strength measured at the LHC, normalized to the SM expectation, is so far consistent with the predicted Yukawa coupling strength of the Higgs boson in the SM [26, 27] . To study the compatibility of the leptonic textures with current experimental constraints, in our numerical analysis we shall randomly vary the input mass matrices m and m ν , the parameter tan β and the Higgs scalar masses m H ± , m R and m I . We take tan β as a free parameter varying in the range 10 −2 to 10 2 . As we shall see below, the allowed values of this parameter will depend on the specific model implementation and corresponding experimental bounds.
For the charged Higgs scalar mass, we impose the lower bound m H ± 80 GeV, obtained from direct searches at colliders [28] , while for the neutral Higgs scalars we require m R,I
100 GeV [18] . Since we are interested in non-decoupled scenarios, we limit our search to cases where the charged Higgs scalar mass is below 1 TeV and the heavy neutral masses lie in the range up to 10 TeV.
A.
α → β ν ν
Lepton universality tests aim at probing the SM prediction that all leptons couple with the same strength to the charged weak current interaction. Here we shall test this prediction by considering universality in pure τ decays. The relevant quantity is
The branching ratios are
are the phase space functions and Finally, the coefficient g iαjβ is specific to the model,
with the matrix N e defined in the basis in which m is diagonal. Current experimental constraints yield [29] |g µ /g e | = 1.0018 ± 0.0014 (32) and
at 95% CL [18] . In the above pure leptonic decays, the exchange of the charged Higgs scalar leads to an amplitude that is parametrized through the effective low-energy coupling g S RR,αβ ∼ m α m β /m 2 H + . Since this coupling is proportional to the lepton masses, the most sensitive decay is τ → µν µ ν τ . The bounds given in Eqs. (32) and (33) then translate into limits on tan β and m H + . The most stringent limit is obtained from the ratio of the total tau decay widths into the muon and electron modes given in Eq. (32) . Current experimental constraints are
at 90% CL [18] .
We recall that in the SM the amplitudes of the above lepton flavor violating decays are proportional to the neutrino masses and thus these processes are suppressed. Yet, in the models considered here, there are new contributions mediated by the neutral scalars R and I at tree level, which are now relevant. In the case of muons, the only kinematically allowed decay is µ − → e − e + e − . For tau leptons, two types of decays can be distinguished, depending on whether the final state + γ belongs to the same family as one of the negatively charged leptons or not.
C.
α → β γ
Including two-loop contributions, the decay width of the lepton-flavor violating processes α → β γ is given by
and a sum over i = e, µ, τ is implicitly assumed. In Eqs. (41) and (42), contributions proportional to the neutrino masses and subleading terms in m 2 /m neglected. In leading order, the two-loop terms can be approximated by the expressions
where N u is the analogue of the matrix N e for the upquark sector, in the basis where the up-quark mass matrix is diagonal. Since the form of N u depends on the specific model adopted for quarks, we shall not include two-loop contributions in our analysis. Note however that two-loop corrections can dominate over the one-loop contributions in certain cases [30] . Current experimental upper bounds on the branching ratios are Br(µ → eγ) < 5.7 × 10 −13 ,
at 90% CL [18] . In the SM, the above decay processes are negligible, since their amplitudes are proportional to m 
D. Numerical results
In Figures 1-4 (33), (39) and (45). In all cases, we require that the deviation from universality |g µ /g e |−1 is in the range 10 −4 to 5×10 −3 . This explains why in Figures 1-3 The analysis performed so far assumes the existence of the Weinberg operator defined in Eq. (2). The dynamics behind this operator has not been specified. As long as the UV completion of the maximally restrictive leptonic textures does not break the effective symmetry, our conclusions remain unchanged. In order to make this statement more definite, we shall present two possible UV completions in the context of type-I and type-II seesaw models.
We shall start with the easiest UV completion of these models, i.e. through the type-II seesaw mechanism. In this framework, several SU (2) L triplet scalars ∆ k with hypercharge Y = 1 are added to the theory,
The relevant Lagrangian terms read
where the sum over Latin indexes is implicitly assumed.
Once the heavy states with masses M k are decoupled, the effective coupling matrix reads
The presence of the trilinear couplings µ k,ij is fundamental in the type-II seesaw, as can be seen in the above formula. For such couplings to be present, ∆ † k has to transform under the flavor symmetry asφ T iφ j . Therefore, if we take as an example the scenario (5 1 , 3 ν 6 ), we must have
The same procedure can be applied for any effective implementation, making the type-II seesaw a trivial path for the UV completion of these models. We can also envisage an UV completion within the framework of the type-I seesaw mechanism. However, due to the non-trivial correlation between the UV couplings and the effective neutrino mass matrix, such an implementation may not be viable for all the effective models studied.
Let us consider, for instance, the effective model (4 3 , 4 ν 6 ) with the symmetry transformations given in Eqs. (19) and (20b). We can implement this model in a type-I seesaw framework adding 3 right-handed neutrinos N iR (i = 1, 2, 3), which transform appropriately under the flavor symmetry. The requirement that these new fields decouple at low energies implies that the heavy Majorana neutrino mass matrix M R is non-singular. Together with the constraints at the effective level coming from the m ν texture, this leads to the following symmetry transformation:
The Lagrangian for the neutrino sector can be written as
where the Dirac neutrino Yukawa couplings are given by
and the heavy neutrino mass matrix is
After the decoupling of the heavy neutrinos, we recover the effective Lagrangian in Eq. (2), with the coupling κ ij predicted by the underlying dynamics,
From the above textures we can easily verify that κ 22 is the null texture, while κ 11 and κ 12 correspond to the two 4 ν 6 textures found in Eq. (18), respectively.
VI. QUARK SECTOR
We now turn our attention to the quarks. Our aim is to implement the same Abelian symmetries in the quark sector without introducing new Higgs scalars. Depending on the charge assignments, different models can emerge, as shown in Table V. Notice that in the commonly used classification all right-handed fermions of a given charge couple to a single Higgs doublet. Our convention slightly differs from the standard one, since in the models studied here the lepton fields must couple to both Higgs doublets. For the quark fields we choose natural flavor conserving scenarios, i.e. only a single Higgs doublet couples to each quark sector. In particular, models labeled type Ia and type IIa in the table have the same implementation in the quark sector as in the standard type-I and type-II models, respectively. Thus, for such scenarios we can use the current experimental constraints in order to study their viability.
From Table V , we conclude that the symmetry implementation in a type-Ia or type-IIa 2HDM framework requires a large tan β to guarantee the perturbativity of the top-quark Yukawa coupling. In both cases, the solutions 4 3 , 4 radiative decay b → sγ imply m H + 570 GeV at 95% CL [34, 35] . Therefore, the four solutions are excluded in type-IIa scenarios (cf. Figs. 1-3 ).
Despite the above restrictions, the Abelian symmetry can be easily implemented in a type-Ia 2HDM framework. In this case, the bound on m H + is weaker than the LEP one ( 80 GeV) for values of tan β 2 [35] . The quark Yukawa Lagrangian reads
where q 0 L is the SU (2) L quark doublet. The Yukawa matrix couplings Γ and ∆, associated with the down-and up-quark sectors, respectively, are general 3 × 3 complex matrices. This implementation simply corresponds to a SM-like Yukawa sector for quarks and, therefore, it is protected from the presence of any FCNC. The symmetry implementation is now quite trivial; we only need to request that d 
(5 1a , 3 
for each viable texture pair.
VII. CONCLUSIONS
In this paper, we have considered the problem of implementing maximally restrictive texture zeros in the leptonic sector in the context of two-Higgs-doublet models with Majorana neutrinos. We have analyzed all maximally restrictive pairs of leptonic mass matrices with zero entries and concluded that only four pairs of chargedlepton and neutrino mass matrices, namely, 4 3 , 4 We have also investigated whether the viable textures are in agreement with current bounds on lepton-flavorviolating processes. In particular, we have considered the universality in τ lepton decays mediated by the charged Higgs scalar at tree level, the lepton-flavor-violating decays Our results turn out to be quite restrictive and predictive. Out of the 19 pairs of maximally restrictive leptonic matrices with 8 physical parameters, only 4 pairs (6 combinations) can be implemented through an Abelian symmetry within the two-Higgs-doublet model. The feasible textures lead to an inverted hierarchical spectrum for the light neutrinos and definite predictions for the Dirac CP-violating observable phase and the effective Majorana mass in 0νββ decay, as shown in Fig. 5 .
By enlarging the number of Higgs doublets we could open the possibility for constructing new pairs of leptonic mass matrices. Nevertheless, we have shown that, in a minimal setup, there are already a few viable scenarios. The latter can be easily completed at the ultraviolet level in the context of the well-known seesaw mechanism through the addition of right-handed singlet neutrinos or the introduction of scalar triplets. The models presented here stem from symmetries and, therefore, they contain a reduced number of free parameters. Once the current experimental constraints are imposed, these models typically lead to definite predictions.
Finally, we recall once more that the possibility of implementing each set of maximally restrictive textures in the context of 2HDM is a consequence of the existence of an effective Abelian symmetry. Any UV completion respecting this symmetry will clearly lead to the same type of predictions.
